The leaching of potentially toxic elements or the generation of acidity from mine waste often creates significant environmental pollution. A great deal of research has been undertaken to find an effective solution to the problem of acid mine drainage. An attractive solution has been proposed, not only efficient but also economical, as it uses another waste material. The objective of this study was to investigate the feasibility of stabilizing acidic mine waste using alkaline industrial waste, paper sludge ash, produced by the pulp and paper industry, under laboratory conditions. By mixing mine waste with paper sludge ash (the weight ratio of mine waste to paper sludge ash is 10: 4), the eluted solution became neutral, and the concentrations of almost all metals dropped below the Japanese effluent standard. The inhibition of acid mine drainage with addition of PSA is sustainable. Although Radish sprouts did not grow on mine waste, they could be grown on the waste mixed with paper sludge ash. These results suggest that it is possible to use paper sludge ash for afforestation of a mine waste site.
Introduction
Acid mine drainage (AMD) is one of the most serious environmental pollutions facing the mining industry. AMD occurs when pyrite and other sulfide minerals are exposed to air and water. AMD is water with a typically high concentration of dissolved heavy metals and sulfate and can have a pH as low as 2. [1] [2] [3] AMD is discharged to pollute streams and aquifers, and the resulting overall effect on streams and waterway can be very dramatic. Some of the harmful effects of AMD on the environment include the disappearance of all aquatic life, the coating of river bottoms with layers of rustlike particles, and the decrease in pH of water and streams. It is therefore essential for the treatment of mine drainage to inhibit its negative effect on the environment. 1) In order to prevent this environmental pollution, a neutralization process for the removal of metals as metal hydroxides in AMD with the addition of alkaline materials has generally been used. However, this technology has the necessity of a semipermanent treatment and a high cost. 1) In order to reduce AMD, several previous studies have been conducted either to reduce the oxygen necessary for the oxidation of pyrite [4] [5] [6] [7] [8] or to recover mine tailing storage areas by using watertight barriers to prevent the infiltration of precipitated water. The construction of simple barriers using a layer of impermeable soil (clay, silt or till) could achieve better performance than oxygen reduction and turn out to be less costly than complex barriers. However, it seems to have a limited efficiency given the difficulty of maintaining the material at a high degree of saturation and to ensure its integrity in spite of intrusion by tree roots and climatic variations (freeze/thaw, wet/dry, etc.). 9) Traditionally, these barriers are constructed from natural materials, however, for economic reasons, it could be more interesting to use industrial residues. 10) Paper sludge ash (PSA) is one of the alkaline industrial wastes. During the manufacture of recycled paper, paper sludge is discharged as an industrial waste. The amount of sludge increases annually. To reduce its volume, this sludge is incinerated, which produces PSA. At present, although PSA is used as an additive to cement and as a material for artificial aggregates, 11, 12) a large amount of the ash (approximately 800000 ton/year in Japan) is disposed of by dumping. It has become more difficult to secure a sufficient capacity of land for the waste disposal. It is, therefore, essential to develop new techniques of ash utilization for further recycling.
PSA contains relatively high concentrations of SiO 2 , Al 2 O 3 , and CaO, with CaO considered as a liming agent to neutralize AMD. At present, AMD occurs in many abundant mine in Japan, and neutralization plants established. The treatment of mine waste in rock pile with PSA has the potential for stabilization and afforestation of rock piles, and neutralization plant would be no need. Furthermore, rock piles could be used as disposal sites for PSA. The amount of mine waste in rock piles is much larger than that of PSA, which means that it is easy to obtain disposal sites for PSA by the treatment of a part of rock piles in Japan. Both the decrease of AMD and the increase of disposal sites for PSA could be succeeded by the treatment of mine waste with PSA.
In this study, we studied the stabilization of mine waste using PSA under laboratory conditions. The objective of this study is not only to prevent oxidation of the pyrite by the application of a covering layer made from alkaline PSA, but equally to neutralize the products of the reaction by the addition of alkaline PSA, which results in the precipitation of metals and inhibition of bacterial activity that catalyze the oxidation reaction of sulphuric minerals. From a recycling point of view, this study uses an industrial waste material to rehabilitate another industrial material. We determined the effect of PSA addition on AMD discharged from mine waste, and attempted to grow plants on the mixture of PSA and mine waste for afforestation of a mine. We report the underlying chemistry in the addition of PSA to mine waste.
Materials and Methods

Samples
The mine waste rock was collected from Matsuo Mine in Iwate prefecture, Japan. The rock was crushed and ground by mill. Particles less than 1 mm were sorted, and dried in air. Therefore the samples used in this study were oxidized and highly reactive to water.
PSA was obtained from a paper company in Fuji, Japan. The particle diameter was around 10 mm. The ash used in this study was dried at 60 C in a drying oven overnight.
2.2 Elution test 2.2.1 Inhibition of PSA for discharge of AMD from mine waste We determined the effect of PSA addition on AMD discharged from mine waste by an elution test. The elution test was performed as follows. 0-50 g of PSA was mixed with 100 g of mine waste, and the mixture was added to 100 mL of distilled water in a 200 mL Erlenmeyer flask. The flask was set in an incubator at 60 C, and shaken for 6 h, and then filtered to determine the elements eluted from the mixture.
The stability of inhibition of PSA addition
We determined the stability of inhibition for discharging AMD from mine waste with addition of PSA. 40 g of PSA was mixed with 100 g of the mine waste, and the mixture was added to 100 mL of distilled water in a 200 mL Erlenmeyer flask. The flask was set in an incubator at 60 C, and shaken for 6 h, and then filtered. The solid residue was added again to fresh distilled water, and the same procedure repeated 6 times to determine the elements eluted from the mixture for each procedure.
2.3
The possibility for afforestation of mine waste site using PSA We tried to grow plants on the mixture of mine waste and PSA after the elution test. The test plant was radish sprouts (Raphanus sativus), which were cultivated for 10 days to investigate the possibility of using the mixture of PSA and mine waste for afforestation of a mine. Mine waste and the mixture were spread on trays (10 cm Â 7 cm Â 1 cm) to sow 50 seeds of Radish Sprout on each. We supplied distilled water to the seeds on the trays once per day by sprayer.
Characterization
The pH value of the filtrate was measured by pH meter (MA-130, HORIBA). Major and trace elements in the filtrate were determined by an ICP-AES (ICPS-7500, SHIMADZU), and SO 4 2À was measured by an ion chromatograph (DX-120, DIONEX). The solid samples (mine waste, PSA, the residues after elution test) were analyzed by X-ray diffraction (XRD, XRD-DSC-XII, RIGAKU), X-ray fluorescence spectrometry (XRF, ZSX101e, RIGAKU), Fourier transform infra red spectrometry (FT-IR, FTIR-8400S, SHIMADZU), and scanning electron microscopy (SEM, TOPCOM, SM-200). Table 1 shows the chemical compositions of mine waste and PSA, and Figure 1 shows the X-ray diffraction patterns of mine waste and PSA. Mine waste was mainly composed of Fe 2 O 3 , SO 3 , and SiO 2 , which originate from pyrite and crystobalite. PSA was mainly composed of SiO 2 , Al 2 O 3 , and CaO, which originate from gehlenite and anorthite. Other elements of both samples were minor.
Results and Discussion
Mine Waste and PSA
Inhibition of AMD with PSA addition
We determined the effect of PSA addition on the inhibition of AMD from mine waste. Figure 2 shows the pH of the solution eluted from mine waste with addition of PSA. The horizontal axis indicates the weight percentage of the addition of PSA to mine waste. Without addition of PSA, pH of the solution is acidic (around pH 2), and with increasing addition of PSA, pH of the solution gradually increased. The solution was neutralized (around pH 6) when the percentage of the PSA addition was 40%. Hereafter, we mixed 100 g of mine waste with 40 g of PSA to determine the properties of the mixture for the elution, which were compared with that of raw mine waste. Table 2 shows the pH of the solution and the elements eluted from mine waste and the mixture. Considering the chemical compositions of samples and the Japanese effluent standard, Al, Si, Ca, B, Cr, Mn, Fe, Cu, Zn, As, Cd, and Pb were selected as the detected elements. Various elements were eluted from the mine waste, and the concentrations of Fe, Cu, Zn, As, Cd, and Pb were above the Japanese effluent standards, indicated in the bottom line, and the pH of the 
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Stabilization of Mine Waste Using Paper Sludge Ash under Laboratory Conditionsolution was strongly acidic (pH 1.9). The eluted concentrations of Al, Fe, and As were 8.8 mg/L, 270 mg/L, and 8.3 mg/L, respectively, which are in good accordance with the results of AMD from mine waste of Matsuo mine reported by Nishiyama et al. 13) On the other hand, the concentrations of all elements eluted from the mixture were below the Japanese effluent standards, and the pH of the solution was neutralized to pH 6.4. It is noted that the concentrations of Si and Ca from the mixture were higher than those from raw waste, which is not a problem for human health and the environment. Therefore, it can be stated that PSA neutralizes eluted solution, and inhibits the discharge of most metals from mine waste such that they are below Japanese effluent standards.
Next, we determined the stability of inhibition with PSA addition. Figure 3 shows the pH of the solution eluted from mine waste and the mixture as a function of the number of elution tests. In the case of raw mine waste, the pH of the solution is initially around pH 2, and increases to become constant at about pH 4. This means that mine waste continues to generate acidic solution with pH 4. On the other hand, in the case of the mixture, the pH of the solution is kept constant at around pH 6. This means that the neutralization with addition of PSA is stable. Figure 4 shows the element concentrations of (a) B, (b) Cr, (c) Mn, (d) Fe, (e) Cu, (f) Zn, (g) As, (h) Cd, (i) Pb, and (j) Al in the solution eluted from mine waste and the mixture. The dotted lines indicate Japanese effluent standards. In the case of raw mine waste, as mentioned above, large amounts of elements were discharged during the first elution, and the concentrations of Fe, Cu, Zn, As, Cd, and Pb were above Japanese effluent standards. After 2 elutions, there were few detectable elements. This means that the elements in raw mine waste are highly soluble and almost all soluble elements eluted to the solution during the first elution. On the other hand, in the case of the mixture, the concentrations of all elements eluted from the mixture were below Japanese effluent standards regardless of the number of elution tests. This means that the inhibition of AMD with PSA addition is sustainable.
From these results, by mixing mine waste with PSA at a weight ratio of mine waste to ash of 10:4, the eluted solution becomes neutral and the concentration of most metals in the leachant drops below the Japanese effluent standards. The inhibition of AMD with addition of PSA is sustainable.
Chemical properties of the mixture
We determined the properties of the mixture after the elution test. Table 3 shows the chemical compositions of mine waste and the mixture after the elution test. The third column indicates the chemical composition of the mixture before the elution test, which was calculated from the chemical compositions on Table 1 . The Fe content of mine waste after the elution test decreased due to the elution of a large amount of Fe, as shown in Table 2 . The mixture after the elution test had almost the same content as that before the elution test. Therefore, the chemical composition of the mixture is maintained due to little elution of elements from the mixture. Figure 5 shows SEM photographs of (a) raw mine waste and (b) the mixture after the elution test. Although mine wastes are fragments of rocks as shown in Fig. 5(a) , platy crystals and gel-like materials on the surface of fragments could be observed in the mixture after the elution test, as shown in Fig. 5(b) . The sizes of fragments after the elution test are almost the same as those before the elution test. Figure 6 shows X-ray diffraction patterns of the mixture 
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after the elution test. The crystalline phases in mine waste were almost the same, those of gehlenite and anorthite in PSA diminished, and the formation of gypsum occured. It is considered that the platy crystals shown in Fig. 5 could be gypsum, and the crystalline phases in mine waste are maintained. Figure 7 shows FT-IR spectra of mine waste, PSA, and the mixture. The spectrum of the mixture is similar to that of mine waste, and most of the spectra of PSA, e.g. gehlenite and anorthite, 14) diminishes for the mixture. For the spectrum 14) which are in good accordance with XRD patterns as shown in Fig. 6 . According to the report presented by Wajima et al., 15) a broad band centered at 33.8 m À1 corresponds to a merger by two bands at 35.0 and 32.0 m À1 , which are assigned to Si-OH and O-H bonds, respectively. The band at 16.4 m À1 is assigned to O-H bending. The intense band at 11.0 m À1 corresponds to Si-O stretching bonds with the shoulder at 9.2 m À1 assigned to Si-OH silanols. As a whole, the bands appear to originate from silica gel. The four bands are observed in the mixture, but not in raw mine waste and PSA. The FT-IR spectra, therefore, clarify the formation of silica gel (Si(OH) 4 ) in the mixture. This explains why Si remains in the solid in spite of the dissolution of two silicates, gehlenite and anorthite.
Growth Test
We applied the addition of PSA to afforestation of a mine site. Figure 8 shows the results of growth tests. The soils used for the growth tests were raw mine waste with a black color and the mixture with a whitish-brown color, which was a color combination of the brown hydroxide of Fe and white gypsum. Although Radish sprout did not grow on the mine waste, they could be grown on the mine waste treated with PSA. These results suggest that it is possible to apply the treatment of PSA for afforestation of a mine site.
Reaction mechanism
We attempt to propose the reaction mechanism for addition of PSA to mine waste. Figure 9 shows the concentrations of (a) Fe, As, (b) Al, Si, (c) Ca, SO 4 2À in the solution eluted from mine waste with addition of PSA as a function of pH of the eluted solution after the elution test. The concentrations of Fe, As, and SO 4 2À , which mainly originated from mine waste, are marked by solid circle, triangle, and square, respectively. The concentrations of Al, Si, and Ca, which mainly originated from PSA, are marked by open circle, triangle, and square, respectively. The dotted lines in Fig. 9(a) indicate Japanese effluent standards of Fe and As. Without addition of PSA, pH of the solution was around 2. The eluted concentrations of Fe, As, and SO 4 2À were high (250 mg/L, 15 mg/L, and 5000 mg/L, respectively), and those of Si, Al, and Ca were low (2 mg/L, 8.9 mg/L, and 26.8 mg/L, respectively). The eluted elements, such as Fe, As, and SO 4 2À , was mainly originated from sulfide minerals, pyrite and arsenopyrite. In the presence of oxygen and water, the oxidation of pyrite can be represented by the following reaction:
The reaction (2) was promoted by bacteria, and increased the contents of Fe 3þ , SO 4 2À , and H þ . The oxidation of arsenopyrite is as follows: The reaction (5) was also promoted by bacteria, and increased the contents of Fe 3þ , SO 4 2À , H 3 AsO 3 and H þ . The dissolution of pyrite and arsenopyrite supplied Fe 3þ into the solution according to the reaction (2) and (5), and promote the dissolution of pyrite and arsenopyrite according to reaction (3) and (6) . At the same time, the similar oxidation reaction of other sulfide minerals, such as chalcopyrite, wurtzite, sphalerite, alabandite, and galena, occurred. From these results, pH of the solution was acidic (around 2), and the concentrations of eluted elements were high. It is noted that Fe and As in the solution would be mostly present as Fe 3þ and As 5þ , respectively, due to the oxidation of As 3þ to As 5þ . 16, 17) With addition of PSA, the concentrations of Si, Al, and Ca increased due to the dissolution of PSA. Dissolution of silicates, such as gehlenite and anorthite, can neutralize acid by the consumption of protons (H þ ), but their dissolution rate is slow in the neutral pH range. These minerals dissolve more rapidly as pH decreases, and provide more acid neutralization under acidic conditions, as follows:
The mine waste easily dissolved the elements into the solution, and became strongly acidic. With addition of PSA, silicates in PSA dissolved into and neutralized strongly acidic solution, and diminished after the elution test, as shown in Fig. 6 .
With increasing pH of the solution due to the dissolution of PSA, the eluted concentrations of Fe and As gradually deceased to be below Japanese effluent standards at 5.3 and 4.6, respectively ( Fig. 9(a) ). The concentrations of Al and Si, also decreased ( Fig. 9(b) ). The solubility of hydroxide of Fe and other metals (Cu, Zn, Pb, Al, Cd) decrease with increasing pH, and hydroxylate and precipitate as solid in neutralized solution. 19, 20) The large amount of Fe in the solution precipitated as Fe hydroxide, and anionic metals (As, Cr, Mn, B, Si) in the solution coprecipitate with Fe hydroxide. 21, 22) Furthermore, the increasing in the pH to neutral enables the reduction or retardation of the catalytic bacterial activity and therefore can reduce the rate of the biological oxidation of the sulphur present in the mining residues. 23) On the other hand, with increasing pH of the solution, the concentration of Ca was constant at approximately 300 mg/L, and that of SO 4 2À decreased (Fig. 9(c) ). It is reported that the amount of Ca dissolved from PSA in HCl solution in the same pH range is approximately 1500 mg/ L. 15) It is considered that dissolved Ca 2þ reacted with SO 4
2À
to form gypsum and equilibrated around 300 mg/L for the concentration of Ca, that is to say, the quantity of dissolved Ca that was more than 300 mg/L reacted with SO 4 2À in the solution to decrease the concentration of SO 4 2À . In summary, we propose the following mechanism for the treatment of mine waste with PSA, as shown in Fig. 10 . In the case of raw mine waste, the soluble phases, such as pyrite, sulfur, etc., dissolve to water, and the pH of the solution decreases. As a result, sulfuric AMD with heavy metals generates. In the case of mine waste with PSA, PSA is alkaline and the solubility in water is little. Mine waste generates acidic solution to dissolve PSA into the solution. Silicate crystalline phases, gehlenite and anorthite, dissolve into the acidic solution to neutralize the pH of the solution. By neutralizing the solution, dissolved metals from mine waste, such as Fe, As and other heavy metals, and Si and Al from PSA hydroxylate, precipitate, and co-precipitate in the solid. In precipitation, Si reacts with Al, Fe, and other metals to generate gel. 24) The gel retains the heavy metals, and is covered with particles of mine waste to disturb the contact of the waste with water and oxygen, which is a similar phenomenon to silica coating reported in previous pa- pers. [25] [26] [27] Additionally, the increase in pH permits the reduction of catalytic bacterial activity and reduces the rate of oxidation in the mining residue. It is considered that these phenomena inhibit the oxidation and dissolution of the sulphuric minerals. On the other hand, Ca from PSA reacted with SO 4 2À from mine waste to generate gypsum. Therefore, the color of mine waste with PSA after the elution test is white-brown, which is a blend of brown Fe(OH) 3 and white gypsum. From these results, mine waste mixed with PSA is a favorable material for afforestation for a mine waste site.
Conclusion
In this study, we studied remediation of mine waste using paper sludge ash. We determined the effect of the addition of PSA to AMD discharged from mine waste. We also attempted to grow plants on a mixture of PSA and AMD to assist with afforestation of mine areas.
The results showed that by mixing mine waste with paper sludge ash (at a weight ratio of mine waste to ash of 10:4) the eluted solution became neutral and the concentrations of Stabilization of Mine Waste Using Paper Sludge Ash under Laboratory Conditionmost metals in the leachant dropped below the Japanese effluent standards. The inhibition of discharge AMD with addition of PSA is sustainable. Although Radish sprouts did not grow on the mine waste, they could be grown on the waste mixed with paper sludge ash. These results suggested that it is possible to use paper sludge ash for the remediation of mine waste sites.
